INTRODUCTION
============

Tumor vasculatures exhibit distinctive structural and functional features ([@R1], [@R2]) that include (i) high leakiness, (ii) poor coverage of perivascular cells, (iii) irregular vascular networks, (iv) excessive vascular sprouting and fusion, (v) sluggish blood flow, (vi) mosaic cell types in the vessel wall, and (vii) incomplete basement membrane around the endothelium. These irregular vascular networks constantly experience growth, remodeling, and regression depending on the presence of various angiogenic factors and cytokines whose expression levels are coordinately regulated by tumor growth, necrosis, and regression. In the tumor microenvironment, vascular density, structure, architecture, and function are the key determinants of tumor growth, invasion, metastasis, and antiangiogenic drug responses ([@R3]--[@R5]).

Vascular endothelial growth factor (VEGF) is highly expressed in almost all tumors as compared with their healthy counterpart tissues ([@R6]). In addition to genetic mutations of oncogenes and tumor suppressor genes, tissue hypoxia, stromal fibroblasts, and infiltration of inflammatory cells are crucial regulatory elements for high VEGF expression in tumors. It is generally believed that VEGF binds to VEGF receptor 2 (VEGFR2) to trigger angiogenic and vascular permeability responses ([@R7], [@R8]). Despite copious knowledge about the VEGF-VEGFR2 signaling pathway in tumor angiogenesis, little is known about the functions of the two other members of the VEGF family, that is, placental growth factor (PlGF) and VEGF-B, in the regulation of tumor angiogenesis. PlGF and VEGF-B are VEGFR1 binding ligands, and they lack the ability to interact with VEGFR2 ([@R9], [@R10]). Both positive and negative functions of PlGF and VEGF-B in the regulation of tumor angiogenesis have been described. On the basis of numerous experimental data, it is generally concluded that complex mechanisms are involved in the functional activity of VEGFR1-exclusive binding ligands in different model systems ([@R9], [@R10]). The spatiotemporal relation between VEGFR1-exclusive binding ligands and other angiogenic factors is probably the key determinant of their modes of actions. For example, positive and negative modulations of VEGF functions by PlGF have been ascribed in various tumor models ([@R11]--[@R17]).

VEGF stimulates angiogenic sprouts in close collaboration with the Notch-signaling pathways ([@R18]--[@R20]). Whereas VEGF stimulates vessel growth, delta-like ligand 4 (Dll4)--Notch signaling prevents excessive sprouting by switching endothelial cells to a quiescent phenotype ([@R18]--[@R20]). Inhibition of Dll4-Notch signaling increases the density and tortuosity of tumor microvessels that are poorly perfused ([@R20]). Despite increases in the number of nonproductive vessels, Dll4-Notch inhibitors suppress tumor growth. Thus, Notch inhibition provides an attractive approach in cancer therapy ([@R19]--[@R22]). Paradoxically, activation of Dll4-Notch signaling has also been demonstrated to inhibit angiogenesis and tumor growth ([@R23], [@R24]). Although these controversial claims even in the same study need to be resolved, the relation between Dll4-Notch signaling and other factors has not been carefully studied. Here, we report our unexpected findings that PlGF serves as a biomarker that predicts therapeutic outcome with Dll4-Notch inhibitors. In PlGF-expressing human and mouse tumors, inhibition of Dll4 and Notch signaling accelerates tumor growth by increasing blood perfusion in relatively normalized angiogenic vessels. Inversely, inhibition of Dll4-Notch signaling suppresses tumor growth in PlGF-negative tumors. Using genetic mouse model approaches, we further demonstrate that activation of VEGFR1 is critically required for the PlGF-modulated opposing effects of Notch inhibition on vascular functions and tumor growth.

RESULTS
=======

PlGF expression determines opposing effects of Dll4-Notch inhibition on human tumor growth and vascular remodeling
------------------------------------------------------------------------------------------------------------------

PlGF and Dll4 have been known to remodel disorganized tumor vasculatures toward a normal phenotype ([@R17], [@R25]--[@R27]). To study the functional interactions between PlGF and the Dll4-Notch signaling pathway, we investigated tumor growth and vascular structures in PlGF-positive and PlGF-negative human tumors. Natural JE-3 and BeWo choriocarcinomas expressed high levels of PlGF protein, whereas the human MDA-MB-231 breast carcinoma lacked a detectable level of PlGF expression (fig. S1A). Similar to human MDA-MB-231 breast carcinomas, human Hep3B hepatocellular carcinomas (HCCs) also lacked a detectable level of PlGF expression (fig. S1A). Surprisingly, treatment of JE-3 and BeWo tumor--bearing mice with a γ-secretase inhibitor (DAPT) or an anti-human Dll4 neutralizing antibody (Dll4 blockade) resulted in accelerated rather than delayed tumor growth ([Fig. 1](#F1){ref-type="fig"}, A and B). In contrast, treated MDA-MB-231 and Hep3B tumor--bearing mice showed an inhibition of tumor growth ([Fig. 1C](#F1){ref-type="fig"} and fig. S2). These findings show that PlGF expression might facilitate the growth of Dll4 and Notch inhibitor--treated tumors. Thus, PlGF in tumors not only confer drug resistance to Dll4-Notch inhibitors but also accelerates tumor growth.

![Dll4-Notch inhibition--altered vascular changes and tumor growth in high PlGF-- and low PlGF--expressing human cancers.\
(**A** to **C**) Tumor weight of vehicle (VT)--, DAPT-, and Dll4 blockade--treated JE-3, BeWo, and MDA-MB-231 tumors (*n* = 4 to 6 mice per group). (**D** to **F**) Representative images of CD31^+^ tumor vessels in vehicle-, DAPT-, and anti-Dll4 antibody--treated JE-3, BeWo, and MDA-MB-231 tumors. Red, CD31-positive signals; green, NG2-positive signals; yellow, overlapping signals. Arrowheads point to microvessel-associated pericytes. Scale bar, 50 μm. (**G** to **I**) Quantification of microvessel density and pericyte coverage in vehicle-, DAPT-, and anti-Dll4 antibody--treated JE-3, BeWo, and MDA-MB-231 tumors (5 to 10 random fields per group); data are presented as means ± SEM. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](1400244-F1){#F1}

We next analyzed the vasculatures of Dll4 and Notch inhibitor--treated PlGF-positive and PlGF-negative tumors. Treatments with DAPT and Dll4 blockade resulted in marked increases in microvessel density in both PlGF-positive and PlGF-negative human tumors ([Fig. 1](#F1){ref-type="fig"}, D to I). Quantitative analyses showed that Dll4 blockade produced slightly more potent proangiogenic effects than did DAPT in these human tumor models ([Fig. 1](#F1){ref-type="fig"}, G to I). Perhaps, the longer half-life of the antibody-based drugs was responsible for this slight difference as compared with DAPT. Notably, DAPT and Dll4 blockade did not affect NG2^+^ pericyte coverages in PlGF-positive JE-3 and BeWo tumors ([Fig. 1](#F1){ref-type="fig"}, G and H). However, these Notch and Dll4 inhibitors significantly ablated pericyte coverage of tumor microvessels in PlGF-negative human MDA-MB-231 and Hep3B tumors ([Fig. 1](#F1){ref-type="fig"}, F and I, and fig. S2, B to D). These data indicate that PlGF opposes the antitumor activities of Dll4 and Notch inhibitors by remodeling tumor vasculatures.

PlGF prevents Dll4-Notch inhibitor--induced vascular disorganization and increases blood perfusion in tumors
------------------------------------------------------------------------------------------------------------

In DAPT- and Dll4-treated JE-3 and BeWo tumors, we noticed that the tumor vasculature maintained a relatively normal architecture ([Fig. 1](#F1){ref-type="fig"}, D and E). In sharp contrast, treatment with these inhibitors of PlGF-negative MDA-MB-231 and Hep3B tumors further increased disorganization and tortuosity of tumor microvessels ([Fig. 1F](#F1){ref-type="fig"} and fig. S2B). These findings suggested that PlGF might modulate vascular functions in the tumor microenvironment. To study vascular functions, we injected fluorescently labeled and fixable lysinated dextrans into tumor-bearing mice. A rhodamine-labeled 70-kD dextran was used for measurement of vascular leakage, and the 2000-kD dextran molecules were used for measurement of blood perfusion. Both PlGF-expressing JE-3 and BeWo tumors contained leaky tumor vasculatures, and a substantial amount of 70-kD dextran was extravasated in nontreated tumor tissues ([Fig. 2](#F2){ref-type="fig"}, A and B). Surprisingly, treatments of JE-3 and BeWo tumors with DAPT and Dll4 blockade markedly prevented extravasation of 70-kD dextran in these PlGF-expressing human tumors ([Fig. 2](#F2){ref-type="fig"}, A and B). These findings are consistent with the DAPT- and Dll4-induced vascular normalization in PlGF-expressing tumors. In contrast to JE-3 and BeWo tumors, DAPT and Dll4 blockade drastically induced vascular tortuosity and disorganization in PlGF-negative MDA-MB-231 and Hep3B tumors, leading to significant increases in vascular leakage ([Fig. 2C](#F2){ref-type="fig"} and fig. S2, B and E).

![Blood perfusion and leakiness of Dll4-Notch inhibition--treated human PlGF^+^ and PlGF^--^ tumors.\
(**A** to **C**) Left: Representative images of leakage of 70-kD LRD (lysinated rhodamine-labeled dextran) in vehicle (VT)--, DAPT-, and anti-Dll4 antibody--treated human JE-3, BeWo, and MDA-MB-231 tumors. Red, CD31-positive signals; green, extravasated 70-kD LRD; yellow, intravascular 70-kD LRD. Arrowheads indicate extravasated 70-kD LRD. Scale bars, 50 μm. Right: Quantification of extravasated 70-kD LRD (*n* = 4 to 6 random fields per group); data are presented as means ± SEM. \**P* \< 0.05; \*\**P* \< 0.01. (**D** to **F**) Left: Representative images of perfusion of 2000-kD LRD in vehicle-, DAPT-, and anti-Dll4 antibody--treated human JE-3, BeWo, and MDA-MB-231 tumors. Red, CD31-positive signals; yellow, perfused 2000-kD LRD. Arrowheads indicate positive signals of 2000-kD LRD. Scale bars, 50 μm. Right: Quantification of perfused 2000-kD LRD (*n* = 4 to 6 random fields per group); data are presented as means ± SEM.](1400244-F2){#F2}

Notably, DAPT and Dll4 blockade treatments significantly increased blood perfusion in PlGF-expressing JE-3 and BeWo tumors, whereas these same drugs induced a nonperfused vasculature in PlGF-negative MDA-MB-231 and Hep3B tumors ([Fig. 2](#F2){ref-type="fig"}, D to F, and fig. S2, B and F). The induction of nonproductive tumor angiogenesis by Notch and Dll4 inhibitors was in agreement with previous observations on Dll4 and Notch inhibitors in various tumor models ([@R19], [@R20]). The reduction in vascular permeability and the increase in blood perfusion caused by DAPT and Dll4 blockade in JE-3 and BeWo tumors indicate that PlGF could reverse the Notch inhibitor--induced nonproductive tumor vasculatures to become functional microvascular networks that support tumor growth. Therefore, PlGF displays a robustly antagonistic effect against Dll4-Notch inhibition--triggered angiogenesis, vascular tortuosity, leakage, and poor perfusion in tumors.

PlGF modulates cell proliferation and apoptosis by alteration of hypoxia in anti-Dll4-Notch--treated human tumors
-----------------------------------------------------------------------------------------------------------------

Modulation of blood perfusion and vascular leakage by PlGF in DAPT- and Dll4-treated human tumors might lead to substantial changes in the tumor microenvironment, such as tumor hypoxia. Vehicle-treated control JE-3 and BeWo tumors exhibited high degrees of tissue hypoxia as measured by the pimonidazole probe ([Fig. 3](#F3){ref-type="fig"}, A and B). Intriguingly, DAPT and Dll4 blockade treatments markedly improved tumor hypoxia in these PlGF-expressing tumors ([Fig. 3](#F3){ref-type="fig"}, A and B). In contrast, DAPT and Dll4 blockade induced severe tumor hypoxia in PlGF-negative MDA-MB-231 and Hep3B tumors ([Fig. 3C](#F3){ref-type="fig"} and fig. S2, B and G). These findings show that PlGF opposes DAPT- and Dll4 blockade--induced tumor hypoxia.

![Hypoxia, proliferation, and apoptosis of Dll4-Notch inhibition--treated human tumors.\
(**A** to **C**) Left: Representative images of tissue hypoxia in vehicle (VT)--, DAPT-, and anti-Dll4 antibody--treated human JE-3, BeWo, and MDA-MB-231 tumors. Green, pimonidazole-positive signals; blue, 4′,6-diamidino-2-phenylindole (DAPI). Scale bars, 100 μm. Right: Quantification of tumor hypoxia (*n* = 4 to 6 random fields per group); data are presented as means ± SEM. FITC, fluorescein isothiocyanate. (**D** to **F**) Left: Representative images of tumor cell proliferation and apoptosis in vehicle-, DAPT-, and anti-Dll4 antibody--treated human JE-3, BeWo, and MDA-MB-231 tumors. Red, Ki67^+^ proliferating or cleaved caspase 3^+^ apoptotic cells; blue, DAPI. Scale bars, 100 μm. Right: Quantification of tumor hypoxia (*n* = 4 to 6 random fields per group); data are presented as means ± SEM. PA index was calculated using the formula (% apoptotic cells/total cells)/(% Ki67-positive cells/total cells). Arrowheads indicate apoptotic cells. Scale bars, 50 μm. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](1400244-F3){#F3}

The increase in blood perfusion and the improvement of tissue hypoxia by PlGF in DAPT- and Dll4 blockade--treated JE-3 and BeWo tumors suggested that alteration of the tumor microenvironment might affect tumor cell growth rate and cellular apoptosis. Indeed, treatments with DAPT and Dll4 blockade led to significant increases of the Ki67^+^ proliferating tumor cell population in JE-3 and BeWo tumors, whereas cellular apoptosis in these treated tumors was markedly decreased ([Fig. 3](#F3){ref-type="fig"}, D and E). Both terminal deoxynucleotidyl transferase--mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining and measurements of the activated or cleaved caspase 3 showed reductions of apoptotic cells in Dll4-Notch inhibitor--treated JE-3 and BeWo tumors ([Fig. 3](#F3){ref-type="fig"}, D and E, and fig. S3, A, B, E, and F). Consequently, proliferation/apoptosis (PA) indexes showed a drift toward a proliferative phenotype. The increase in cell proliferation and the decrease in cellular apoptosis in Dll4-Notch inhibitor--treated JE-3 and BeWo tumors support our notion that these treated tumors grew at higher rates than did vehicle-treated control tumors ([Fig. 1](#F1){ref-type="fig"}). In contrast, treatment of PlGF-negative MDA-MB-231 tumors with DAPT and Dll4 blockade showed completely opposite effects on cell proliferation and apoptosis, tipping the balance toward an apoptotic phenotype ([Fig. 3F](#F3){ref-type="fig"}). To further validate these findings, we used another PlGF-negative human HCC cell line. As shown in figs. S2 and S3, treatment of Hep3B with DAPT and Dll4 blockade also markedly decreased cell proliferation and increased apoptosis (figs. S2, B and H to J, and S3, D and H). These results provide independent evidence that the inhibition of Dll4-Notch signaling in PlGF-negative tumors suppresses tumor growth by tipping the PA indexes toward cell death.

PlGF confers resistance to Dll4-Notch inhibition on mouse tumors
----------------------------------------------------------------

To further validate our findings in human tumor models, we performed gain-of-function experiments in mouse tumors. High expression levels of PlGF protein in Lewis lung carcinoma (LLC) and T241 tumors were confirmed by quantitative enzyme-linked immunosorbent assay (ELISA) (fig. S1B). As described in previous findings ([@R13]--[@R15], [@R17], [@R26], [@R27]), genetically stable expression of PlGF in mouse LLC and T241 fibrosarcomas led to significant inhibition of tumor growth ([Fig. 4](#F4){ref-type="fig"}, A and B, and fig. S4, A and B). Consistent with inhibition of primary tumor growth, the microvessel densities of PlGF-LLC and PlGF-T241 tumors were significantly reduced as compared with those of vector-transfected LLC and vector-T241 tumors ([Fig. 4](#F4){ref-type="fig"}, C and D, and fig. S4, C and D). These findings support the general view that PlGF acts as a negative regulator of tumor growth and angiogenesis. In PlGF-negative vector-LLC and vector-T241 control tumors, inhibition of Dll4-Notch signaling by DAPT and Dll4 blockade markedly inhibited tumor growth ([Fig. 4](#F4){ref-type="fig"}, A and B, and fig. S4, A and B). Surprisingly, treatments of PlGF-LLC tumor--bearing mice with DAPT and Dll4 blockade did not exhibit any antitumor activity, but rather augmented tumor growth to the rate of nontreated control vector-LLC tumors ([Fig. 4](#F4){ref-type="fig"}, A and B). Similar findings were also obtained with an independent PlGF-T241 fibrosarcoma model that exhibited nearly identical effects of PlGF-triggered resistance to DAPT- and Dll4 blockade--mediated tumor inhibition (fig. S4, A and B). These data show that PlGF completely neutralizes the antitumor effects of DAPT and Dll4 blockade and thus confers resistance to these anticancer drugs.

![Dll4-Notch inhibition--altered tumor growth and microvasculatures in mouse PlGF^--^ and PlGF^+^ tumors.\
(**A** and **B**) Tumor growth rates (A) and weights (B) of vehicle (VT)--, DAPT-, and anti-Dll4 antibody--treated vector-LLC and PlGF-LLC tumors (four to six mice per group). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. (**C**) Representative images of CD31^+^ tumor vessels in vehicle-, DAPT-, and anti-Dll4 antibody--treated vector-LLC and PlGF-LLC tumors. Red, CD31^+^ signals; green, NG2^+^ signals. Arrowheads point to pericyte coverage in tumor vessels. Scale bar, 50 μm. (**D**) Quantification of microvessel density and pericyte coverage 1 in vehicle-, DAPT-, and anti-Dll4 antibody--treated vector-LLC and PlGF-LLC tumors (5 to 10 random fields per group). Data are presented as means ± SEM.](1400244-F4){#F4}

PlGF mediates opposing vascular effects in nontreated and Dll4-Notch inhibitor--treated mouse tumors
----------------------------------------------------------------------------------------------------

Consistent with inhibition of tumor growth, expression of PlGF in LLC and T241 tumors also resulted in inhibition of tumor angiogenesis ([Fig. 4](#F4){ref-type="fig"}, C and D, and fig. S4). The vasculatures of PlGF-expressing LLC and T241 tumors generally lacked excessive sprouts and branches as compared with those of vector-LLC and vector-T241 control tumors ([Fig. 4C](#F4){ref-type="fig"} and fig. S4). However, remaining microvessels in PlGF-LLC and PlGF-T241 tumors were dilated with a significant increase in NG2^+^ pericyte coverage ([Fig. 4](#F4){ref-type="fig"}, C and D, and fig. S4, C and D). Treatment of PlGF-LLC and PlGF-T241 tumor--bearing mice with DAPT markedly increased the total number of tumor microvessels without affecting pericyte coverage ([Fig. 4](#F4){ref-type="fig"}, C and D, and fig. S4, C and D). Similarly, DAPT treatment also increased tumor vessel density in vector-LLC and vector-T241 control tumors. DAPT treatment of these PlGF-negative control tumors significantly decreased pericyte coverage ([Fig. 4](#F4){ref-type="fig"}, C and D, and fig. S4, C and D). Likewise, treatment of PlGF-LLC and vector-LLC and PlGF-T241 and vector-T241 tumors with Dll4 blockade produced similar effects on tumor angiogenesis, vascular remodeling, and pericyte coverage as seen with DAPT ([Fig. 4](#F4){ref-type="fig"}, C and D, and fig. S4, C and D).

We next correlated these vascular changes with their functions. In PlGF-negative control tumors, DAPT and Dll4 blockade treatments markedly increased the tortuosity, disorganization, and leakiness of tumor vasculatures as measured by extravasation of 70-kD dextran ([Fig. 5](#F5){ref-type="fig"}, A and B, and fig. S5). In contrast, DAPT and Dll4 blockade had virtually no additional effects on vascular leakiness in PlGF-LLC and PlGF-T241 tumors ([Fig. 5](#F5){ref-type="fig"}, A and B, and fig. S5, A and B). Whereas DAPT and Dll4 blockade treatments significantly reduced blood perfusion in vector-LLC and vector-T241 control tumors, these same drugs markedly improved blood perfusion in PlGF-LLC and PlGF-T241 tumor vessels ([Fig. 5](#F5){ref-type="fig"}, A and C, and fig. S5, A and C). These findings provide compelling evidence that PlGF antagonizes Dll4 and Notch inhibition--modulated vascular structural and functional changes.

![Dll4-Notch inhibition--altered microvascular functions, tumor cell proliferation, and apoptosis in mouse PlGF^--^ and PlGF^+^ tumors.\
(**A**) Representative images of 70- and 2000-kD LRD, pimonidazole, Ki67, and cleaved caspase 3 in vehicle (VT)--, DAPT-, and anti-Dll4 antibody--treated vector-LLC and PlGF-LLC tumors. Arrowheads in the upper two rows of panels point to extravasated 70-kD (green) or perfused 2000-kD LRD (yellow). Tumor vessels were stained with CD31 (red). Tumor hypoxia in different groups was detected with pimonidazole probe (green in the middle rows of panels). Proliferating tumor cells were detected by Ki67 staining (red), and apoptotic tumor cells were detected by cleaved caspase 3 (red). Arrowheads in the bottom rows indicate apoptotic tumor cells. Scale bars, 50 μm. (**B** to **G**) Quantification of 70-kD LRD, 2000-kD LRD, and pimonidazole^+^, Ki67^+^, and cleaved caspase 3^+^ signals in vehicle (VT)--, DAPT-, and anti-Dll4 antibody--treated vector-LLC and PlGF-LLC tumors (*n* = 4 to 6 per group). Data are presented as means ± SEM. PA index was calculated using the formula (% apoptotic cells/total cells)/(% Ki67-positive cells/total cells). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](1400244-F5){#F5}

PlGF controls hypoxia, tumor cell proliferation, and apoptosis in Dll4-Notch inhibitor--treated mouse tumors
------------------------------------------------------------------------------------------------------------

Tumor vasculatures are essential for tumor growth. PlGF-modulated vascular functions in relation to Dll4-Notch inhibition might affect malignant cell proliferation and apoptosis. In PlGF-negative vector-LLC and vector-T241 control tumors, DAPT and Dll4 blockade treatments significantly increased tumor hypoxia ([Fig. 5](#F5){ref-type="fig"}, A and D, and fig. S5, A and D). These findings were consistent with the reduced blood perfusion and elevated leakiness in these tumor vessels ([Fig. 5A](#F5){ref-type="fig"} and fig. S5A). In sharp contrast, DAPT and Dll4 blockade treatments of PlGF-LLC and PlGF-T241 tumors markedly improved the hypoxic microenvironment, leading to virtually nondetectable levels of the pimonidazole probe in these PlGF-positive tumors ([Fig. 5](#F5){ref-type="fig"}, A and D, and fig. S5, A and D). Improvement of tumor hypoxia in DAPT- and Dll4 blockade--treated PlGF-LLC and PlGF-T241 tumors also increased tumor cell proliferation as measured by Ki67 positivity ([Fig. 5](#F5){ref-type="fig"}, A and E, and fig. S5, A and E). In contrast, tumor cell apoptosis in DAPT- and Dll4 blockade--treated PlGF-LLC and PlGF-T241 tumors was considerably decreased ([Fig. 5](#F5){ref-type="fig"}, A and F, and figs. S3, H and I, and S5, A and F). As a result, PA indexes in DAPT- and Dll4 blockade--treated PlGF-LLC and PlGF-T241 tumors were significantly increased ([Fig. 5G](#F5){ref-type="fig"} and fig. S5G), favoring tumor growth. In contrast to PlGF-LLC and PlGF-T241 tumors, DAPT and Dll4 blockade treatments of vector-LLC and vector-T241 tumors produced totally opposite effects on tumor hypoxia, proliferation, and apoptosis, leading to decreased PA indexes in these tumors. Together, the PlGF-modulated opposing vascular effects in relation to Dll4-Notch inhibition alter tumor growth by changing the microenvironment, tumor cell proliferation, and apoptosis.

Loss of PlGF function by *Plgf* short hairpin RNA ablates PlGF-potentiated tumor growth and vascular functions in anti--Dll4-Notch--treated human JE-3 tumors
-------------------------------------------------------------------------------------------------------------------------------------------------------------

To further validate our findings and define PlGF as the primary factor augmenting the growth of anti--Dll4-Notch--treated tumors, we performed a loss-of-function experiment using a short hairpin RNA (shRNA)--based knockdown approach (fig. S1C). Expectedly, specific knockdown of *Plgf* in JE-3 tumor cells retarded the anti-Dll4--induced tumor growth as compared with a scrambled control shRNA ([Fig. 6A](#F6){ref-type="fig"}). Consistent with impaired tumor growth rates, the vasculatures of anti-Dll4--treated *Plgf* shRNA JE-3 tumors appeared to be disorganized, have less pericyte coverage, poorly perfused, and highly leaky as those seen in anti-Dll4--treated PlGF-negative tumors ([Fig. 6](#F6){ref-type="fig"}, B to F). Consequently, tumor hypoxia was significantly increased, the Ki67^+^ proliferating tumor cell population was decreased, and the cleaved caspase 3^+^ and TUNEL^+^ apoptotic tumor cells were markedly increased ([Fig. 6](#F6){ref-type="fig"}, B and G to I, and fig. S3, I and J). Thus, the PA index was decreased ([Fig. 6J](#F6){ref-type="fig"}). These findings demonstrate that PlGF is primarily responsible for the augmented tumor growth of anti-Dll4--treated human JE-3 tumor cells.

![Tumor growth, microvessel density, pericyte coverage, blood perfusion, leakiness, hypoxia, tumor cell proliferation, and apoptosis of anti-Dll4--treated scrambled control shRNA and *Plgf* shRNA JE-3 tumors.\
(**A**) Tumor weights of nonimmune immunoglobulin G (IgG)-- and Dll4 blockade--treated scrambled control shRNA and Plgf shRNA tumors (*n* = 6 mice per group). \*\**P* \< 0.01; \*\*\**P* \< 0.001. (**B**) Representative images of CD31^+^ tumor vessels, 70- and 2000-kD LRD, pimonidazole, Ki67, and cleaved caspase 3 in nonimmune IgG-- and anti-Dll4 antibody--treated control shRNA and *Plgf* shRNA tumors. Arrowheads in the top row point to pericyte coverage in tumor vessels (yellow). Arrowheads in the second and third rows point to extravasated 70-kD (green) or perfused 2000-kD LRD (yellow). Tumor vessels were stained with CD31 (red). Scale bars, 50 μm. Tumor hypoxia in different groups was detected with pimonidazole probe (green in the fourth row; scale bar, 100 μm). Proliferating tumor cells were detected by Ki67 staining (red), and apoptotic tumor cells were detected by cleaved caspase 3 (red). Arrowheads in the lowest row indicate apoptotic tumor cells. Scale bars, 50 μm. (**C** to **J**) Quantification of microvessel density, pericyte coverage, 70-kD LRD extravasation, 2000-kD LRD perfusion, and pimonidazole^+^, Ki67^+^, and cleaved caspase 3^+^ signals in nonimmune IgG-- and anti-Dll4 antibody--treated control shRNA and Plgf shRNA tumors (six random fields per group). Data are presented as means ± SEM. PA index was calculated using the formula (% Ki67-positive cells/total cells)/(% apoptotic cells/total cells). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](1400244-F6){#F6}

PlGF modulates angiogenesis and tumor growth of anti--Dll4-Notch--treated tumors through a VEGFR1-dependent mechanism
---------------------------------------------------------------------------------------------------------------------

Because VEGFR1 is the key tyrosine kinase (TK) receptor for PlGF, we next studied the role of VEGFR1 in mediating the PlGF-regulated anti--Dll4-Notch effects on angiogenesis, vascular remodeling, and tumor growth. First, we found that *Vegfr1* mRNA expression levels in DAPT-treated tumors were significantly down-regulated relative to those in vehicle-treated tumor tissues ([Fig. 7A](#F7){ref-type="fig"}). In contrast, *Vegfr2* mRNA levels remained unchanged in DAPT- and vehicle-treated tumors. Down-regulation of *Vegfr1* mRNA occurred in endothelial cells because treatment of primary endothelial cell--derived LLC tumors with DAPT also significantly decreased the mRNA expression level of *Vegfr1* but not that of *Vegfr2* ([Fig. 7B](#F7){ref-type="fig"}). Similarly, DAPT treatment of human umbilical vein endothelial cells (HUVECs) in vitro also led to a reduced expression level of VEGFR1 as compared with vehicle-treated cells ([Fig. 7C](#F7){ref-type="fig"}). These findings agree with the general view that VEGFR1 plays a negative role in the regulation of tumor angiogenesis ([@R10]).

![VEGFR-1 mediates PlGF-modulated tumor and vascular responses to Dll4-DAPT inhibition.\
(**A** to **C**) qPCR quantification of *Vegfr1* and *Vegfr2* mRNA expression in vehicle (VT)-- and DAPT-treated vector-LLC whole tumor tissues (A), isolated CD31^+^ endothelial cell fractions from vehicle- and DAPT-treated vector-LLC tumors (B), and vehicle- and DAPT-treated HUVECs (C). \**P* \< 0.05; \*\**P* \< 0.01. (**D** and **E**) Tumor growth rates and weights of anti-Dll4 antibody-- and vehicle-treated vector-LLC and PlGF-LLC tumors grown in wild-type or *Vegfr1^tk--/--^* mice (six animals per group). \**P* \< 0.05; \*\**P* \< 0.01. (**F** to **I**) Tumor microvessels and pericyte coverage of anti-Dll4 antibody-- and vehicle-treated vector-LLC and PlGF-LLC tumors grown in wild-type or *Vegfr1^tk--/--^* mice (four to six random fields per group). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](1400244-F7){#F7}

To understand the in-depth functional involvement of VEGFR1 in these experimental settings, we used a genetic *Vegfr1*-deficient mouse model that lacked the TK domain of VEGFR1 (*Vegfr1*^tk−/−^) ([@R28]). A decreased LLC tumor growth rate was observed in *Vegfr1*^tk−/−^ mice as compared with wild-type mice ([Fig. 7D](#F7){ref-type="fig"}). Surprisingly, the anti-Dll4 antibody--induced tumor suppression was completely abrogated in *Vegfr1*^tk−/−^ mice ([Fig. 7D](#F7){ref-type="fig"}), indicating that VEGFR1-transduced signaling is essential for anti-Dll4--induced tumor inhibition. Noteworthy, the anti-Dll4--stimulated growth of PlGF-LLC tumors grown in wild-type mice was completely attenuated in *Vegfr1*^tk−/−^ mice ([Fig. 7E](#F7){ref-type="fig"}). In concordance with the reduced tumor growth rate, the anti-Dll4--induced tumor vessel growth in vector-LLC tumors was completely ablated in *Vegfr1*^tk−/−^ mice ([Fig. 7](#F7){ref-type="fig"}, F and H). Similarly, anti-Dll4--induced pericyte changes were also neutralized in *Vegfr1*^tk−/−^ mice ([Fig. 7](#F7){ref-type="fig"}, F and H). Deletion of the TK domain of VEGFR1 significantly increased tumor microvessel density ([Fig. 7](#F7){ref-type="fig"}, G and I), suggesting that VEGFR1 triggers a negative signal for tumor angiogenesis. Furthermore, both tumor vascular density and pericyte coverage remained unchanged in anti-Dll4-- and vehicle-treated PlGF-LLC tumors in *Vegfr1*^tk−/−^ mice ([Fig. 7](#F7){ref-type="fig"}, G and I). Together, these findings demonstrate that VEGFR1 is the crucial receptor that mediates the PlGF-modulated antitumor effects of anti--Dll4-Notch inhibitors.

DISCUSSION
==========

Targeting the Dll4-Notch signaling pathway provides an attractive approach in antiangiogenic cancer therapy ([@R21]). Unlike other antiangiogenic drugs, Dll4-Notch inhibitors increase, rather than decrease, the tumor microvessel density. Despite marked increases in tumor microvessel density, treatment of primary tumors with Dll4-Notch inhibitors in most cases delays tumor growth ([@R19], [@R20]). Dll4-Notch inhibition has been shown to promote the formation of disorganized tumor vessels that lack appropriate functions. On the basis of these preclinical findings, Dll4-Notch inhibition--induced formation of nonproductive tumor vessels has been proposed as a new approach in cancer treatment ([@R29], [@R30]).

The concept of stimulation of nonproductive vessels in cancer therapy opposes the conventional view of inhibition of tumor angiogenesis through reducing the number of tumor microvessels using endogenous inhibitors, generic inhibitors, and angiogenic factor antagonists ([@R31]). However, there are a few important issues that need in-depth mechanistic understanding of the functions of tumor microvessels and the complex interactions between various angiogenic signaling pathways in the tumor microenvironment: (i) do all tumors respond to Dll4-Notch inhibitors in a uniform fashion? According to published studies ([@R19], [@R23], [@R24], [@R32]), various tumors seem to respond differently to Dll4-Notch inhibition. These findings lead to another clinically related issue: (ii) are there any reliable biomarkers that could distinguish responders from nonresponders? For the nonresponders, would these Dll4-Notch inhibitors cause any potential harmful effects? As of this writing, these important issues remain unanswered. (iii) Do blood vessels in tumors simply supply oxygen and nutrients for tumor growth? Endothelial cells of tumor microvessels could potentially influence tumor behavior through paracrine mechanisms. Endothelial cells of tumor angiogenic vessels produce growth factors and cytokines that might potentially affect tumor growth and invasion ([@R33]). The high numbers of tumor microvessels associated with Dll4-Notch inhibition might potentiate tumor growth and invasion through a paracrine mechanism. Finally, (iv) the relation between the Dll4-Notch signaling and other angiogenic signaling pathways has not been well studied.

Although lacking appropriate functions owing to disorganized and excessive growth of endothelial cells in angiogenic vessels, the Dll4-Notch inhibition--induced nonproductive vessels may be potentially reorganized into functional vessels by other vascular remodeling factors. Our recent work shows that tumor-derived PlGF induces normalization of tumor vasculatures that consist of large-diameter vascular networks without excessive branches and sprouts. Noteworthy, the PlGF-normalized tumor vessels are highly coated with pericytes and perfused with blood, indicating that PlGF-remodeled tumor vessels are functional. Here, we provide evidence that PlGF markedly remodels the Dll4-Notch inhibition--induced disorganized and nonproductive tumor vasculatures toward functionally vascular networks. The PlGF-initiated functional improvement is dependent on its receptor, VEGFR1, which is involved in vascular reorganization ([@R34]). For example, genetic deletion of the *Vegfr1* gene results in embryonic lethality owing to uncontrolled growth of endothelial cells and disorganization of developing vascular networks ([@R34]). The *Vegfr1*-null vascular phenotype is completely different from that of the *Vegfr2*-null mice, although deletion of both receptors leads to early embryonic lethality ([@R34], [@R35]). Whereas *Vegfr1*-null mouse embryos show disorganization of vasculatures that cause functionally impairment, *Vegfr2*-null mouse embryos completely lack detectable blood vessels ([@R34], [@R35]). On the basis of our present findings and published work, it is obvious that VEGFR1 mediates a similar vascular remodeling function in tumors as seen in mouse embryos. There seems to be a fundamental difference between PlGF and VEGF even though both factors bind to VEGFR1. VEGF promotes angiogenesis and vascular permeability through the VEGFR2-mediated signaling pathway ([@R7]), and its remodeling function may remain modest. In contrast, PlGF as a VEGFR1-exclusive binding ligand is unable to induce angiogenesis but is dedicated to vascular remodeling functions ([@R10]). In the presence of Dll4-Notch inhibitors, VEGF probably plays a critical role in guiding and driving vessel growth because VEGF-VEGFR2 signaling is critically involved in the tip cell formation at the leading edge of vascular growth ([@R18]). Conversely, PlGF does not play such a guiding role in vascular development and remodels tumor vessels toward a normalized phenotype by trimming excessive vascular branches and by increasing pericyte coverage.

For most targeted therapeutics, defining reliable biomarkers that distinguish responders from nonresponders and overcoming drug resistance are challenging issues related to clinical practice. With no exceptions for therapeutic agents targeting the Dll4-Notch signaling pathway, defining such reliable biomarkers not only ensures accurate selection of responders but also avoids drug-induced acceleration of tumor growth. In some cases, inadequate treatment of nonresponders with targeted drugs might accelerate tumor growth and invasion. Indeed, anti-VEGF and anti--platelet-derived growth factor receptor drugs have been reported to stimulate invasiveness in experimental tumor models ([@R36]--[@R38]). Would PlGF expression levels in tumors serve as such a reliable biomarker for Dll4-Notch inhibitors in human cancer patients? On the basis of our preclinical findings, this would most likely be the case. A number of human tumors express high levels of PlGF ([@R12], [@R39]), and thus, measurement of PlGF expression levels has profound implications for anti--Dll4-Notch therapy. Our recent work shows that tumor expression levels of PlGF might also serve as a biomarker to predict the therapeutic outcome of anti-VEGF drugs ([@R27]). Therefore, combination therapy with anti-VEGF and anti--Dll4-Notch would likely produce synergistic effects on PlGF-positive tumors. This interesting possibility warrants clinical validation. Of interest, high PlGF--expressing tumors such as choriocarcinoma also have hypermethylation of p16ink4a, which may be mediated by the reactive oxygen species--mediated pathway for regulation of PlGF expression ([@R40]--[@R42]).

Together, our data shed new mechanistic insights on the complex interactions between different signaling pathways that stimulate angiogenesis and remodel microvessels in the tumor microenvironment. On the basis of these findings, we propose that PlGF expression levels in tumors may serve as indicative markers for selection of anti--Dll4-Notch responders and for prediction of anti--Dll4-Notch resistance in human cancer patients.

MATERIALS AND METHODS
=====================

Cells, reagents, and antibodies
-------------------------------

Human JE-3 choriocarcinoma and MDA-MB-231 breast cancer cell lines were purchased from the American Type Culture Collection (ATCC); human BeWo choriocarcinoma cells were provided by A. Barragan at the Department of Medicine, Karolinska Institute; the human Hep3B HCC cell line was obtained from T. Torimura at the Department of Medicine, Kurume University; and murine LLC and T241 fibrosarcoma cells stably expressing PlGF or an empty vector were established as previously described ([@R13], [@R17], [@R26], [@R27]). Both human and mouse tumor cell lines were grown and maintained in Dulbecco's modified Eagle's medium (HyClone) containing 20% (v/v) heat-inactivated fetal bovine serum (HyClone) with penicillin-streptomycin (100 U/ml; HyClone). HUVECs were purchased from ATCC and maintained in complete EGM-2 medium (Lonza). The DAPT γ-secretase inhibitor was obtained from AbMole BioScience. DAPT was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) and was diluted to a final concentration of 5 μM for the in vitro cell culture. A rabbit anti-human Dll4 neutralizing antibody was obtained from Genentech. Rabbit nonimmune IgG was obtained from Invitrogen. About 1 × 10^5^ HUVECs were seeded on a 12-well plate and starved overnight before DAPT treatment. After starvation, the medium containing 5 μM DAPT or an equivalent amount of DMSO vehicle was replaced, treatment was continued for 24 hours, and RNA was collected from each group.

Animals
-------

Male and female C57Bl/6 and severe combined immunodeficient (SCID) mice of ages 6 to 8 weeks were obtained from the breeding unit of the Department of Microbiology, Tumor and Cell Biology, Karolinska Institute, Stockholm, Sweden. *Vegfr1*-deficient mice that lacked a TK domain ([@R28]) were provided by M. Shibuya at the Institute of Medical Science, University of Tokyo, Tokyo, Japan, and genotyped using specific primers (table S1) and a Fast Tissue-to-PCR Kit (Fermentas).

Transfection of tumor cells with *Plgf* shRNA
---------------------------------------------

Plasmids containing an shRNA specific for human *Plgf* and a lentiviral vector--based expression packaging kit were purchased from GeneCopoeia. The transfection procedure was executed according to the manufacturer's protocol. To produce *Plgf* shRNA viral particles, a *Plgf* shRNA--containing plasmid and viral packaging vectors were cotransfected into human embryonic kidney 293T cells. Viral particles carrying *Plgf* shRNA were harvested from the conditioned medium and subsequently used to infect JE-3 choriocarcinoma cells. JE-3 choriocarcinoma cells containing stable *Plgf* knockdown were selected using puromycin (2 μg/ml). The knockdown efficiency was validated by the quantitative real-time polymerase chain reaction (qPCR) method using specific primers (table S1) as previously described ([@R43]).

Human and mouse tumor models
----------------------------

Human JE-3, BeWo, MDA-MB-231, and Hep3B cells at a density of 3 × 10^6^ cells in 100 μl of phosphate-buffered saline (PBS) were subcutaneously injected into the mid-dorsal region of each SCID mouse. Murine LLC and T241 tumor cells at a density of 1 ×10^6^ cells in 100 μl of PBS were subcutaneously implanted into each C57Bl/6 or *Vegfr1*^tk−/−^ mouse. Tumor sizes were measured every other day, and tumor volume was calculated according to the following standard formula: length × width^2^ × 0.52 ([@R44]). Tumor-bearing mice were randomly divided into various experimental groups to receive treatment with DAPT or an anti-Dll4 antibody. Treatments were initiated when tumor sizes reached 100 to 200 mm^3^. Each mouse was intraperitoneally injected with DAPT (100 mg/kg, daily) and an anti-Dll4 antibody (5 mg/kg, every 5 days). Experiments were terminated, and the mice were sacrificed by exposure to a lethal dose of CO~2~. Fresh tumor tissues were immediately collected for RNA extraction, fixed in 4% paraformaldehyde (PFA) overnight, and washed with PBS before whole-mount staining. For detection of tumor hypoxia, each mouse was intraperitoneally injected with 1.5 mg of pimonidazole (Hypoxyprobe) and was sacrificed at 30 min after injection.

Whole-mount staining
--------------------

Tissue whole-mount staining was performed according to our previously described method ([@R17]). A rat anti-mouse CD31 antibody (BD Pharmingen; 1:200) and a rabbit anti-mouse NG2 antibody (Millipore; 1:200) were used as primary antibodies. The secondary antibodies included a Cy3- or Cy5-conjugated goat anti-rat IgG antibody (Invitrogen; 1:400) and a donkey anti-rabbit Cy5 antibody (Invitrogen; 1:400). Stained tissues were mounted in a Vectashield mounting medium (Vector Laboratories). Images were captured with a confocal microscope (Nikon D-Eclipse C1, Nikon Corp.). Quantitative analyses were performed from at least 10 different random fields using the Adobe Photoshop CS software program.

Vascular permeability and perfusion
-----------------------------------

LRD at a molecular weight of 70 or 2000 (Invitrogen) was injected into the tail vein of each tumor-bearing mouse when the tumor size was about 0.8 cm^3^. At 5 min after injection with 2000-kD dextran and 15 min after injection with 70-kD dextran, the mice were sacrificed, and tumor tissues were immediately fixed in 4% PFA overnight and further analyzed by whole-mount staining.

Immunohistochemistry
--------------------

Staining of paraffin-embedded tissues was performed according to our standard protocol ([@R45]). Briefly, paraffin-embedded tissues were sectioned at a thickness of 5 μm and baked at 60°C for 1 hour. Antigen retrieval was achieved with unmasking solution (Vector Laboratories, H3300). Samples were blocked with 4% horse serum at room temperature for 30 min. A rabbit anti-mouse Ki67 antibody (eBioscience; 1:500) and a rabbit anti-mouse cleaved caspase 3 (R&D Systems; 1:500) were used as primary antibodies. A Cy3-conjugated goat anti-rabbit IgG antibody (Chemicon; 1:400) was used as a secondary antibody. For detection of tumor hypoxia, a FITC-conjugated mouse anti-pimonidazole monoclonal antibody (clone 4.3.11.3, Hypoxyprobe) was used. Slides were mounted with a Vectashield mounting medium containing DAPI for nuclear staining (Vector Laboratories). Stained tissue samples were examined with a confocal microscope (Nikon D-Eclipse C1) using NIS-Elements D software (Nikon).

Real-time qPCR
--------------

Real-time qPCR was performed according to the standard protocol ([@R46], [@R47]) using commercially available kits. The collected tumor samples were extracted using a GeneJet RNA Purification Kit (Thermo Scientific), and complementary DNA (cDNA) synthesis was achieved using a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific). Real-time qPCR was performed with a Power SYBR Green Master Mix Kit (Applied Biosystems) and the Step One Plus Real-Time PCR system (Applied Biosystems). The specific primers used for real-time qPCR are given in table S1.

Enzyme-linked immunosorbent assay
---------------------------------

Human PlGF protein was quantitatively analyzed using a PlGF ELISA Kit (R&D Systems Inc.). The measurement procedures were performed according to the manufacturer's instructions.

Isolation of CD31^+^ cells from tumor tissues by fluorescence-activated cell sorting
------------------------------------------------------------------------------------

Subcutaneous vector LLC tumor tissues were prepared as a single-cell suspension using 0.15% collagenase I and II (Sigma). Cells were stained for 45 min on ice with a rat anti-mouse CD31 antibody (1:100; BD Pharmingen). After being washed with PBS, the cells were incubated with an Alexa Fluor 555--labeled goat anti-rat antibody (1:200; Invitrogen) for 30 min on ice. CD31^+^ cells were analyzed and sorted by fluorescence-activated cell sorting analysis as previously described ([@R44], [@R45]) (MoFlo XTD, Beckman Coulter), and RNA was extracted.

Statistical analysis
--------------------

Data represent means ± SEM. *P* values were determined by unpaired Student's *t* test or the Mann-Whitney test. Comparison of multiple groups was achieved using analysis of variance (ANOVA) with SPSS software. \**P* \< 0.05 is considered significant, \*\**P* \< 0.01 is considered highly significant, and \*\*\**P* \< 0.001 is considered extremely significant.
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